SEPALLATA (SEP) MADS box transcription factors mediate floral development in association with other regulators. Mutants in five rice (Oryza sativa) SEP genes suggest both redundant and unique functions in panicle branching and floret development. LEAFY HULL STERILE1/OsMADS1, from a grass-specific subgroup of LOFSEP genes, is required for specifying a single floret on the spikelet meristem and for floret organ development, but its downstream mechanisms are unknown. Here, key pathways and directly modulated targets of OsMADS1 were deduced from expression analysis after its knockdown and induction in developing florets and by studying its chromatin occupancy at downstream genes. The negative regulation of OsMADS34, another LOFSEP gene, and activation of OsMADS55, a SHORT VEGETATIVE PHASE-like floret meristem identity gene, show its role in facilitating the spikelet-to-floret meristem transition. Direct regulation of other transcription factor genes like OsHB4 (a class III homeodomain Leu zipper member), OsBLH1 (a BEL1-like homeodomain member), OsKANADI2, OsKANADI4, and OsETTIN2 show its role in meristem maintenance, determinacy, and lateral organ development. We found that the OsMADS1 targets OsETTIN1 and OsETTIN2 redundantly ensure carpel differentiation. The multiple effects of OsMADS1 in promoting auxin transport, signaling, and auxin-dependent expression and its direct repression of three cytokinin A-type response regulators show its role in balancing meristem growth, lateral organ differentiation, and determinacy. Overall, we show that OsMADS1 integrates transcriptional and signaling pathways to promote rice floret specification and development.
Patterning an angiosperm flower requires the combined and individual functions of class A, B, C, D, and E MADS box transcription factors (Krizek and Fletcher, 2005; Thompson and Hake, 2009 ). In Arabidopsis (Arabidopsis thaliana), the class E activity is conferred by four redundant proteins, SEPALLATA1 (SEP1), SEP2, SEP3, and SEP4, that are cofactors in complexes with other MADS box factors that determine floral organ identities and meristem determinacy (Pelaz et al., 2000) . Studies on loss-and gain-of-function mutants in SEP genes together with protein interaction analyses point to their pivotal role in mediating interactions among other floral organ-patterning genes (Honma and Goto, 2001; Ditta et al., 2004; Immink et al., 2009 ). The largely shared functions of Arabidopsis SEP genes differ from observations that homologs in other plants often have discrete roles in floral development (Malcomber and Kellogg, 2005) , but the molecular mechanism underlying their species-specific roles is not well studied. In addition to the ABCDE class of organ fate regulators, a number of hormone signaling pathways influence floral transition, organ numbers, fertility, and floral meristem (FM) determinacy. Dynamic interactions are reported between transcription factors and specific hormone signaling factors during the establishment of Arabidopsis FMs (Sessions et al., 1997; Leibfried et al., 2005; Shani et al., 2006) , but links between floral organ patterning and hormone signaling are not entirely clear.
In the ancient LOFSEP clade, grass-specific genes constitute a subgroup diversified from other monocot and eudicot family members (Prasad et al., 2001; Malcomber and Kellogg, 2005) . The rice (Oryza sativa) inflorescence (also called a panicle), a model for grass species, is branched and produces many kinds of lateral meristems. A short-branch meristem called the spikelet produces a pair of rudimentary glumes and then a pair of empty glumes before its transition to a single FM (Bommert et al., 2005) . Various studies show that five rice SEP genes have both redundant and nonredundant roles. They contribute to panicle morphology, spikelet and FM specification, floral organ differentiation, and meristem determinacy (Jeon et al., 2000; Prasad et al., 2005; Cui et al., 2010; Gao et al., 2010; Kobayashi et al., 2010) . Rice LEAFY HULL STERILE (LHS1)/OsMADS1, a member of the grass subgroup of LOFSEP genes, referred to henceforth as OsMADS1, is expressed in FMs, functions during FM establishment and floret organ patterning, and contributes to meristem termination (Jeon et al., 2000; Prasad et al., 2001 Prasad et al., , 2005 Agrawal et al., 2005; Ohmori et al., 2009; Cui et al., 2010; Gao et al., 2010; Li et al., 2010; Wang et al., 2010) . In addition to studies on mutants in rice SEP factors, their protein-protein interactions are reported from yeast two-hybrid analyses. Yet, despite this extensive knowledge, the downstream genes and pathways regulated by rice SEP factors are uncharacterized. Here, we have studied the mechanistic basis of OsMADS1 function by investigating its downstream targets and pathways in developing rice panicles. Our investigations show its global effects on transcriptional networks and hormonal signaling pathways. We demonstrate its role in modulating the expression of various shoot meristem and FM transcription factors and of auxin-and cytokinin-mediated signaling events. We find that some directly regulated transcription factors and signaling targets of OsMADS1 are distinct from those of Arabidopsis SEP3. Interestingly, our data also show, in instances, inverse gene expression outcomes for some targets common to OsMADS1 and SEP3 (Kaufmann et al., 2009 ). Thus, these findings provide insights on how OsMADS1 complexes modulate other transcription factors and the balance between auxin and cytokinin signaling to promote the determinate development of a rice FM.
RESULTS

Global Profile of Genes Regulated by OsMADS1 in Developing Rice Panicles
To identify target genes controlled by OsMADS1 during rice floret development, we employed multiple complementary approaches. Rice Affymetrix Gene Chips were used to find general patterns in global expression profiles in young developing panicles with strong knockdown of OsMADS1 by RNA interference (OsMADS1-RNAi) as compared with similarly staged wild-type tissues (Supplemental Data Set S1). On functional classification of deregulated genes with 3-fold or greater expression level change, we found a significantly high proportion to be implicated in transcription and signaling (Fig. 1, A and B; Supplemental Data Set S2) . These data gave a gross overview of genes and pathways downstream to OsMADS1. Primary verification of these data was done by reverse transcription-quantitative PCR (RT-qPCR) analyses of transcript levels for 17 transcription factors (Supplemental Table S1 ) in RNA samples used in microarray analysis and in an independently generated pool of wild-type and OsMADS1-RNAi panicles (Fig. 1, C and D; Supplemental Fig. S1 ). These factors have varied DNA-binding motifs (Supplemental Table  S2 ), suggesting that OsMADS1-containing complexes are regulators of many other transcription factors during floret development. Global profile of genes and pathways deregulated in OsMADS1 knockdown panicles. A and B, Functional categorization of deregulated transcriptome (3-fold or more; P , 0.05) in developing panicles of OsMADS1-RNAi knockdown lines as compared with the wild type. Down-regulated transcripts are classified in A and up-regulated transcripts in B. Categorization was based on their predicted functional domains as annotated in various databases. C and D, RT-qPCR analyses of transcript levels for representative transcription factor genes down-regulated (C) and up-regulated (D). The fold change, with SE bars, is calculated for the normalized transcript level in OsMADS1 knockdown versus wild-type panicles. RT-qPCR data are compared with data from microarray analysis.
Induction of OsMADS1-DGR Complements OsMADS1
Loss-of-Function Phenotypes
To gather evidence for the regulatory effects of OsMADS1 on its downstream pathways and to identify direct targets, we developed an artificial microRNA (amiRNA)-based knockdown system. The amiRNAtriggered knockdown was coupled with the expression of a chemically inducible OsMADS1-DGR fusion protein ( Fig. 2A) . The microRNA was designed against the 39 untranslated region (UTR) of OsMADS1 to target the specific down-regulation of endogenous OsMADS1 transcripts. Since the transgenic copy of OsMADS1 complementary DNA (cDNA) is fused to ΔGR at its C-terminal end and is devoid of the 39 UTR, it is not a target for suppression by the amiRNA. From 35 PUbi: OsMADS1-DGR; P35S:OsMADS1amiR transgenics, eight lines with single-copy insertions and good levels of amiRNAs (Supplemental Fig. S2 , A and B) were further analyzed. In these plants, the developmental defects caused due to knockdown of endogenous OsMADS1 should be complemented on induction of the OsMADS1-DGR protein. Under noninductive conditions, when OsMADS1-DGR is sequestered in the cytoplasm, we observe that florets recapitulate strong loss-offunction OsMADS1 mutant phenotypes (Fig. 2 , B-E; Jeon et al., 2000; Agrawal et al., 2005; Prasad et al., 2005) . The outer floret organs, lemma and palea, were narrow, poorly developed, and failed to enclose the inner organs (Fig. 2, B-D) . The underdeveloped palea lacked the characteristic marginal tissue (Fig. 2 , C-E, black arrows), and typical epidermal features of the lemma and palea were also lost (Fig. 2, F-K) . Furthermore, lodicules and stamens were converted to multiple lemma/glume-like organs (Fig. 2, C-E) . This, coupled with the multiple carpels seen in some florets (Fig. 2D , white arrowheads), indicates meristem indeterminacy. Thus, the down-regulation of OsMADS1 was efficient, and OsMADS1-DGR protein was not leaky when not induced. In young OsMADS1-amiRNA knockdown panicles, the extent of OsMADS1 down-regulation and the transcript levels for OsMADS5 and OsMADS34, genes from the LOFSEP subclade, and for OsMADS7, a rice SEP3 gene family member (Supplemental Fig.  S2C ), were determined. OsMADS1 expression was much reduced, OsMADS5 transcripts were very marginally increased, and OsMADS34 expression was significantly increased. OsMADS7 expression status was not altered (Supplemental Fig. S2C ). We deduce that the amiRNAdirected knockdown of OsMADS1 was relatively specific.
To investigate the complementation of the knockdown phenotypes of PUbi:OsMADS1-DGR; P35S:OsMADS1a-miR transgenics, we treated these plants with the inducer dexamethasone or subjected them to mock treatment. Treatments were given from just prior to floral transition until the fully developed panicle emerged. In inducertreated plants, the lemma, marginal tissue of palea, lodicules, stamens, and carpels developed normally (Fig. 2, H, L, and N; Supplemental Fig. S2, D and E) . This proved that the induced OsMADS1-DGR fusion protein is fully functional in planta and regulates downstream events leading to organ development and floret determinacy. By western-blot analyses, we ascertained that OsMADS1-ΔGR protein is nucleus localized only in Figure 2 . The OsMADS1-DGR fusion protein is functional on induction in transgenic rice. A, Transfer DNA segment in the construct PUbi: OsMADS1-DGR; P35S:OsMADS1amiR. The 35S promoter drives transcription of an amiRNA targeting the 39 UTR of endogenous OsMADS1 transcripts. The maize ubiquitin cis-elements drive the expression of OsMADS1 translational fusion with the partial rat glucocorticoid receptor (DGR) domain. LB, Left border; RB, right border. B, A wild-type floret. C to E, Floret phenotypes in PUbi:OsMADS1-DGR; P35S:OsMADS1amiR transgenics grown in noninductive mock conditions. F to K, Scanning electron microscopy of epidermal cellular features in glumes, lemma, and palea in wild-type and mock-treated PUbi:OsMADS1-DGR; P35S: OsMADS1amiR lines. L and M, Florets of PUbi:OsMADS1-DGR; P35S: OsMADS1amiR plants grown in inductive conditions (dexamethasone treated). All floret organ phenotypes are rescued. N, Cellular features of rescued palea shown in L. O, Conversion of empty glumes to a lemma/ palea-like organ in M, an overexpression phenotype seen in occasional spikelets. gl, Empty glumele; il, internal lemma; le, lemma; pa, palea. Bars = 1 mm in B to E and L to M and 100 mm in F to K and N to O. P, Western blot with nuclear extracts from leaves of PUbi:OsMADS1-DGR; P35S:OsMADS1amiR lines to detect OsMADS1-DGR protein before induction (lane 1) and after dexamethasone induction (lane 2).
inducer-treated tissues (Fig. 2P ). This inducible OsMADS1-DGR system was used to identify its putative direct target genes in panicles with developing florets, as summarized in Table I and described in following sections.
Regulatory Effects of OsMADS1 on Other MADS Factor Genes to Control FM Fate MADS box factors control flowering time, floral organ identity, and FM determinacy. OsMADS34, a rice LOFSEP member, regulates inflorescence branching and promotes spikelet meristem fate (Gao et al., 2010; Kobayashi et al., 2010 Kobayashi et al., , 2012 and thus is suggested to act temporally earlier than OsMADS1. In developing panicles, spikelets, and florets, these two genes have partly exclusive and some overlapping expression patterns (Kobayashi et al., 2010) . OsMADS34 transcripts occur at high levels in inflorescence branch meristems, spikelet meristems, and rudimentary glumes and empty glumes (also called sterile lemmas) that are spikelet lateral organs. OsMADS34 transcripts are at reduced levels in the young FM. In contrast, OsMADS1 transcripts are abundant in the incipient FM and nearly undetectable in empty glumes (Prasad et al., 2001; Gao et al., 2010; Kobayashi et al., 2010 Kobayashi et al., , 2012 . We found 4-fold increased transcript levels for OsMADS34 in PUbi: OsMADS1-DGR; P35S:OsMADS1amiR panicles (Fig.  3A) . Interestingly, this abnormal OsMADS34 expression can be restored to wild-type levels by dexamethasonebased induction of OsMADS1-DGR even in the presence of cycloheximide (Fig. 3A) . These data suggest that OsMADS1 can directly modulate the expression of OsMADS34 in young spikelet/FMs.
The rice genome encodes three SHORT VEGETATIVE PHASE (SVP)-like genes: OsMADS22, OsMADS55, and OsMADS47 (Arora et al., 2007; Lee et al., 2008) . Among these, we detect decreased expression of OsMADS22 and OsMADS55 but not of OsMADS47 in OsMADS1-RNAi panicles ( Fig. 1C ; Supplemental Table S2 ). Since OsMADS55 has two consensus binding sites (CArG) for MADS domain proteins in its proximal promoter, it was a more probable candidate target of OsMADS1; hence, we validated its down-regulation in OsMADS1-amiRNA panicles by RT-qPCR (Fig. 3A) and carefully examined its expression status on induction of OsMADS1-DGR. The reduced OsMADS55 expression in the panicles of mock-treated PUbi:OsMADS1-DGR; P35S:OsMADS1amiR plants was restored to wild-type levels in dexamethasone-treated plants. Notably, this effect was maintained in the presence of cycloheximide and dexamethasone (Fig. 3A) , indicating that OsMADS1 can directly modulate OsMADS55 expression status. The overlap in the expression domains of OsMADS1 and OsMADS55 in young florets with initiating lemma and palea (Prasad et al., 2005 ; Fig. 3B ) supports the suggested regulatory relationship between these genes. In slightly older florets, both transcripts occur in the lemma, palea, and carpel, but OsMADS55 alone is detected in developing lodicules and stamens (Prasad et al., 2005; Fig. 3, C and D) . Together, the data show that OsMADS1 can promote the spikelet-to-floret transition by simultaneously activating positive regulators of FM fate (i.e. OsMADS55) and repressing spikelet meristem factors like OsMADS34.
Regulation of Homeodomain Transcription Factor Genes by OsMADS1
While functions for rice class III homeodomain Leu zipper (HD-Zip III) genes in shoot apical meristem initiation, its maintenance, and their role in leaf polarity are inferred from their ectopic overexpression phenotypes (Nagasaki et al., 2007; Itoh et al., 2008) , their roles in FMs and floral organ development are not known. Recent data reveal an unexpected but crucial contribution of HD-Zip III factors in the precise regulation of Arabidopsis floral stem cells, which suggests additional functions for these factors (Ji et al., 2011) . Our microarray data showed that four rice HD-Zip III genes (OsHB1-OsHB4) of the REVOLUTA Table I . Genes directly regulated by OsMADS1 during rice floret development + indicates that the gene is positively regulated (activated), and 2 denotes that it is negatively regulated (repressed) by OsMADS1.
Gene Function/Predicted Function Regulation by OsMADS1
OsMADS34 Spikelet meristem specification, organ development 2 OsHB4
Meristem specification, termination + OsMADS55
Meristem identity + OsKANADI2
Organ polarity and development + OsKANADI4
Organ polarity and development + OsBLH1
Meristem specification, organ development 2 OsARF-GAP Auxin transport 2 OsPIN1
Auxin transport + OsETTIN2
Auxin response, organ development + OsARF9
Auxin response + OsRR1
Cytokinin response 2 OsRR4
Cytokinin response 2 OsRR9
Cytokinin response 2 (REV)/RBV clade have reduced transcript levels in OsMADS1-RNAi panicles (Supplemental Fig. S3A ). RT-qPCR confirmed these effects for two of these genes ( Fig. 1C) . We chose OsHB4 to interrogate its direct regulation by OsMADS1, as its highest expression levels are in developing panicles (Itoh et al., 2008) . In mocktreated PUbi:OsMADS1-DGR; P35S:OsMADS1amiR plants, with early and differentiating florets, OsHB4 was down-regulated ( Fig. 3A ). This defect was rescued to near wild-type levels in panicles treated with dexamethasone alone or when a combination of dexamethasone and cycloheximide was used (Fig. 3A) .
OsHB4 transcriptional activation was also observed on ectopic induction of OsMADS1-DGR in nonflowering vegetative shoot apical meristems (Supplemental Fig.  S3B ). These analyses indicate that OsMADS1 can directly regulate the transcription of OsHB4. In addition to HDZip III genes, several BEL1-like homeodomain genes (BLH) are misexpressed in OsMADS1-RNAi panicles ( Fig. 1D ; Supplemental Table S2 ). Thus, multiple members of the homeodomain class of shoot meristem regulators are regulated by OsMADS1 in developing florets.
OsMADS1 Regulates OsKANADI2 and OsKANADI4 Expression
Arabidopsis KANADI genes promote abaxial polarity during meristem specification and organogenesis (Kerstetter et al., 2001; Emery et al., 2003) . Interestingly, two rice KANADI genes, related to Arabidopsis ATS and KANADI2, were down-regulated in knockdown panicles ( Fig. 1C ; Supplemental Tables S1 and S2). Since the upstream sequences of these genes have multiple CArG elements, we investigated the possibility of their direct regulation by OsMADS1. In panicles of mock-treated PUbi:OsMADS1-DGR; P35S: OsMADS1amiR plants, OsKANADI2 and OsKANADI4 transcript levels were low ( Fig. 3A; Supplemental Fig.  S3C ). This deregulation was rescued on OsMADS1-DGR induction, and abundant transcription occurred even in the presence of cycloheximide ( Fig. 3A ; Supplemental Fig. S3C ). We interpret that both OsKANADI2 and OsKANADI4 are candidate direct targets of OsMADS1. Overall, the data show that transcription regulators implicated in early events of FM establishment, its regulated maintenance, and lateral organ development are deregulated on OsMADS1 knockdown.
Mutants in rice and maize (Zea mays) coorthologs for Arabidopsis auxin biosynthesis factors, auxin transport, and signaling factors display defects in inflorescence axillary meristem development, spikelet and FM initiation, and organ numbers and organ development (McSteen et al., 2007; Morita and Kyozuka, 2007; McSteen, 2010; Phillips et al., 2011) . Our microarray data showed that the second largest functional category of affected genes encodes signaling factors, and we note global effects on auxin metabolism and response (Supplemental Table S3 ; Supplemental Fig. S4 , A and B). For example, several auxin response factor (ARF) genes (OsETTIN1, OsETTIN2, OsARF9, OsARF12, OsARF15, OsARF16, OsARF18, and OsARF25), a number of small auxin up RNA and GH3 auxin response genes, and polar auxin transport and signaling factors such as OsPINOID (Morita and Kyozuka, 2007) and rice PIN FORMED1 (Supplemental Fig. S4 , A and B; Supplemental Table S3 ) were affected. This was paralleled by elevated expression of a predicted C2 domain-containing OsARF-GAP (an ADP ribosylation GTPase activating protein) and of several Aux/IAA (for Auxin/indole-3-acetic acid) repressors of auxin-dependent gene expression (Jain et al., 2006; Supplemental Table S3 ). The deregulated expression of OsARF9, OsARF18, two ETTIN-like genes, OsETTIN1 and OsETTIN2, and two key signaling factors, OsPIN1 and OsARF-GAP, was validated by RT-qPCR (Fig. 4A) .
We tested the possibility of direct regulation, by OsMADS1, of OsETTIN2, OsPIN1, and OsARF-GAP genes using panicles from PUbi:OsMADS1-DGR; P35S: OsMADS1amiR lines. As seen in OsMADS1-RNAi panicles, in mock-treated plants, OsPIN1 and OsETTIN2 expression was down-regulated while OsARF-GAP expression was enhanced (Fig. 4B) . These abnormal expression levels were rescued to near wild-type levels in dexamethasone-treated panicles (Fig. 4B ) and in panicles treated with both dexamethasone and cycloheximide. These data indicate that OsMADS1 directly modulates the expression of these genes in developing florets. The regulation of OsETTIN2 by OsMADS1 is further supported by a complete overlap in the spatial distribution of OsMADS1 and OsETTIN2 transcripts in early FMs and in emerging lemma/palea primordia (Fig. 4, C and D; Prasad et al., 2001 Prasad et al., , 2005 . At later developmental stages, OsETTIN2 expression is mainly confined to inner floret organs (Fig. 4E) . The distribution of OsARF-GAP transcripts in developing florets has some patterns distinct from OsMADS1 (Fig. 4, F-H) . For example, in very early FMs, OsARF-GAP transcripts are largely restricted to the apical and central regions, unlike the uniform distribution of OsMADS1 in florets at this stage ( Fig. 4F ; Prasad et al., 2001) . Differentiating lemma and palea do not express OsARF-GAP, while abundant OsMADS1 transcripts occur in these organs (Fig. 4, G and H; Prasad et al., 2001 Prasad et al., , 2005 . Taken together, we deduce that OsMADS1 has a direct role in positively regulating auxin signaling and response during floret development.
OsETTIN1 and OsETTIN2 Redundantly Regulate Carpel Development
The ETTIN class of ARFs lack the carboxy terminal domain required for Aux/IAA interaction and are not influenced by auxin-mediated proteolysis; therefore, independent mechanisms regulate their function (Guilfoyle and Hagen, 2007) . Arabidopsis ETTIN plays an important role in patterning FM and reproductive organs (Sessions et al., 1997) . Our evidence for direct transcriptional regulation of OsETTIN2 by OsMADS1 prompted us to functionally characterize the closely related rice OsETTIN1 and OsETTIN2 genes by creating individual and double knockdown lines (Supplemental Fig. S5 , A-C). Seventeen, 22, and 12 transgenic lines, several with near complete knockdown, were raised for OsETTIN1-RNAi, OsETTIN2-RNAi, and OsETTIN1+ OsETTIN2-RNAi, respectively (Supplemental Fig. S5 , D-I). While knockdown of OsETTIN1 or OsETTIN2 conferred mild floral phenotypes, simultaneous knockdown of both the genes in OsETTIN1+OsETTIN2-RNAi transgenics caused severe carpel defects that resembled Arabidopsis ettin mutants (Fig. 4 , I-L; Sessions and Zambryski, 1995) . The carpels in OsETTIN1-RNAi knockdown florets have a small increase in the style and stigma length, with a minor compromise in ovary size (Fig. 4, I and J). In OsETTIN2-RNAi florets, enhanced growth of the transmitting tract region from the abaxial (palea) face of the carpel was seen (Fig. 4, N and Q) . Carpels in the florets of OsETTIN1 +OsETTIN2-RNAi have severely reduced ovaries and undivided elongated styles (Fig. 4 , L and R). Thus, Figure 4 . Regulation of the auxin signaling pathway by OsMADS1. A, Fold change determined by RT-qPCR in the normalized expression of OsPIN1, OsARF-GAP, four ARFs (OsETTIN1, OsETTIN2, OsARF9, and OsARF18), and two auxin-responsive genes (OsGH3.4 and OsIAA9) in OsMADS1 knockdown florets. The fold change detected by microarray analysis is also shown. B, Expression levels for OsPIN1, OsARF-GAP, and OsETTIN2 in the panicles of wild-type (WT) and PUbi: OsMADS1-DGR; P35S:OsMADS1amiR plants treated individually with dexamethasone and cycloheximide and also in combination. The effects of these treatments were compared with that of wild-type plants. C to H, Spatial distribution of OsETTIN2 (C-E) and OsARF-GAP ( rice OsETTIN1 and OsETTIN2 are redundant for ovary development and contribute to coordinate carpel tissue differentiation.
OsMADS1 Negatively Regulates Cytokinin Signaling with Direct Effects on A-Type Response Regulators
Interactions between cytokinin signaling and homeodomain transcription factors govern meristem maintenance in Arabidopsis, maize, and rice (Gordon et al., 2009; Tsuda et al., 2011; Bolduc et al., 2012) . In OsMADS1 knockdown panicles, we detected an overall increased activity of cytokinin pathway genes, examples being LONELY GUY (LOG) family members, a predicted receptor, HKL1/CRL4, and several response regulator (RR) genes (Supplemental Table S4 ). Many of these expression effects were validated by RT-qPCR ( Fig. 5A ; Supplemental Table S1 ). Also, several of these genes were negatively modulated on ectopic expression of OsMADS1-DGR in vegetative meristems (Supplemental Fig. S6A ).
The repressive effects of OsMADS1 on cytokinin signaling in developing florets were further examined to determine the directly regulated genes from this pathway. Expression levels were studied for two type A response regulators, OsRR1 and OsRR9, in panicles from mock-and dexamethasone-treated PUbi:OsMADS1-DGR; P35S:OsMADS1amiR lines. We observed increased expression of OsRR1 and OsRR9 in mock-treated panicles, while in panicles of dexamethasone-treated plants, this was reduced to near wild-type levels (Fig. 5B ). This reversal of expression status also occurred in the presence of cycloheximide, suggesting that OsMADS1 can repress the expression of these genes in wild-type panicles. To summarize, OsMADS1 may directly target A-type response regulators to negatively modulate cytokinin signaling during rice floret development.
The repressive effect of OsMADS1 on the expression of cytokinin pathway genes implied that their transcripts should be present at low levels in tissues with abundant OsMADS1. We analyzed the spatial distribution of OsRR1 and OsRR9 RNAs in developing wildtype florets. Their uniform expression in very young FMs overlapped with OsMADS1 (Fig. 6, A and D ; Prasad et al., 2001 Prasad et al., , 2005 . In differentiating floret organs, these rice A-type response regulators were expressed in lodicules, stamens, and carpel (Fig. 6 , B, C, E, and F), wherein OsMADS1 transcripts are undetectable or at low levels. In the lemma and palea with high levels of OsMADS1 (Prasad et al., 2001 (Prasad et al., , 2005 , these A-type response regulator genes were not expressed. These data are consistent with their negative regulation by OsMADS1 in florets at later stages of development. We presume that the overall up-regulation of the cytokinin signaling pathway in OsMADS1-RNAi panicles may be an indirect effect of increased cytokinin biosynthesis. This notion is supported by the ectopic overexpression of LOG, a biosynthetic gene, in OsMADS1-RNAi florets (Supplemental Fig. S6, B-G) .
Chromatin Association of OsMADS1 at CArG cis-Elements of Target Loci
Our data on the gene expression effects triggered by the induction of OsMADS1-DGR protein in panicles of OsMADS1 knockdown plants identified some key directly modulated target genes. These include genes for meristem regulators (OsMADS34, OsMADS55, OsHB4, OsKANADI2, OsKANADI4, and OsBLH1) and components in auxin (OsPIN1, OsARF-GAP, OsETTIN2, and OsARF9) and cytokinin (OsRR1, OsRR4, and OsRR9) signaling. Using young wild-type florets, we examined the in vivo association of OsMADS1 protein with CArG elements at these genomic loci. Chromatin immunoprecipitation (ChIP) analysis was done with chromatin from panicles (0.2-2 cm) with florets at early stages of meristem and organ development using affinity-purified polyclonal antibodies (Supplemental Fig. S7A ). The positions of CArG elements in the DNA fragments taken for ChIP analysis are indicated in Figure 5 . Negative regulation of components in cytokinin signaling by OsMADS1. A, Fold increase in the normalized transcript levels for two cytokinin biosynthetic genes (LOG and AK061341), four A-type response regulators (OsRR1, OsRR2, OsRR4, and OsRR9), and two B-type response regulators (OsRR16 and OsRR18) in OsMADS1 knockdown panicles versus wild-type panicles. The data from RTqPCR are compared with those from microarray analysis. B, Transcript levels for OsRR1 and OsRR9 in wild-type (WT) and PUbi:OsMADS1-DGR; P35S:OsMADS1amiR plants treated with dexamethasone and cycloheximide individually and those given both chemicals compared with levels in mock-treated plants. Supplemental Table S5 . As controls, for each locus, we tested the OsMADS1 association with a chromatin fragment with no binding sites. We observed high levels of OsMADS1 occupancy at OsMADS34, OsMADS55, OsHB4, OsKANADI2, KANADI4, and OsBLH1 loci (Fig. 7, A-E and M; Supplemental Fig. S3 , D and E). These data strongly correlate with the effects of OsMADS1 in modulating the expression status of these genes with known or predicted functions in spikelet/FMs. Among OsMADS1 targets from the auxin pathway, we detect significant OsMADS1 enrichment at OsETTIN2, OsPIN1, and OsARF-GAP loci and moderate occupancy at the OsARF9 locus (Fig. 7, F-I and N) .
Figure 7 and in
To ascertain the modulation of cytokinin signaling pathway genes, we tested OsMADS1 occupancy at the cis-elements from loci for response regulators (A and B type) and at LOG, a cytokinin biosynthetic gene. The OsRR2 locus does not have any CArG motifs, so its promoter fragment also served as a nonspecific negative control. Specific OsMADS1 enrichment at OsRR1, OsRR4, and OsRR9 loci was observed (Fig. 7 , J-L and O). OsMADS1 was not associated with OsRR2 genomic sequences or at loci for the B-type response regulators (OsRR16 and OsRR18) or the LOG locus (Supplemental Fig. S7 , E-H). We conclude that some A-type response regulators are directly regulated by OsMADS1 in developing rice panicles. As expected, at each locus, genomic sequences that do not contain CArG elements were not enriched for OsMADS1 (denoted as fragment 2 in Fig. 7, A-L) . In summary, OsMADS1 complexes bind and directly modulate the expression status of genes for transcription factors and hormone signaling components to promote the formation of a single determinate fertile floret on a spikelet meristem.
DISCUSSION
OsMADS1 Is a Regulator of Genetic Networks That Control the Spikelet-to-Floret Transition
Grass inflorescences (panicles) generate multiple kinds of branch meristems before forming a short branch called the spikelet that bears a variable number of florets. A rice spikelet has only a single floret subtended by two sterile lemmas (empty glumes). The latter represent vestiges of lower florets found in other grass spikelets (Bommert et al., 2005) . Of the five SEPlike rice genes, OsMADS7 and OsMADS8 are members of SEP3 clade and have retained conserved functions, as they regulate organ development in inner floret whorls (Cui et al., 2010) . But members of a grassspecific subgroup in the LOFSEP clade, OsMADS1, OsMADS5, and OsMADS34, have acquired novel functions (Malcomber and Kellogg, 2005; Gao et al., 2010; Kobayashi et al., 2010) . OsMADS34 regulates panicle branching and promotes spikelet meristem and empty glume fate (Gao et al., 2010; Kobayashi et al., 2010 Kobayashi et al., , 2012 . OsMADS1 is expressed developmentally slightly later and is restricted to the incipient FM region of the spikelet and controls its fate (Jeon et al., 2000; Prasad et al., 2005) . Our data are consistent with an early OsMADS1 function in promoting the spikeletto-floret transition by directly reducing OsMADS34 expression levels in the young spikelet. This interpretation is consistent with the phenotypes of osmads1 and osmads34 mutants. OsMADS1 loss-of-function mutants have indeterminate FM with misspecified multiple glume/lemma-like organs (Jeon et al., 2000; Prasad et al., 2005; Gao et al., 2010) . Conversely, its ectopic overexpression is sufficient to initiate lemma formation, a floret-specific developmental program, in the spikelet empty glumes (Prasad et al., 2001 ). Interestingly, loss-of-function osmads34 mutant spikelets also show the conversion of empty glumes to lemma-like organs (Gao et al., 2010) . We provide here, to our knowledge, the first molecular evidence of the regulatory relationship between these rice LOFSEP factors and the role of OsMADS1 in the spikelet-to-floret transition.
OsMADS1 Promotes FM Identity and Its Maintenance
After ensuring the transition of a spikelet meristem to a fertile FM, OsMADS1 contributes to the maintenance of FM identity and its determinate development. Genetic and physical interactions of OsMADS1 suggest that in promoting FM identity, it acts in conjunction with a SEP sister clade (AGL6-like) member, MOSAIC FLORAL ORGANS1/OsMADS6 (Ohmori et al., 2009; Li et al., 2010) , and with OsMADS15/DEP, an APETALA1/FRUITFULL-like homolog (Supplemental Fig.  S8 ). The interaction between OsMADS15 and OsMADS1 is particularly important for the maintenance of FMs, as they revert to shoot meristems in a mutant with loss-offunction alleles in both these genes . Together, these data suggest that OsMADS1 has both nonredundant and redundant roles in promoting FM development.
Arabidopsis SVP family genes, AGL24 and SVP, regulate floral transition and FM identity (Hartmann et al., 2000; Michaels et al., 2003; Gregis et al., 2008) . Interestingly, rice SVP genes are not important for flowering time but have a conserved role in meristem identity and have additional functions in controlling the response to brassinosteroids (Lee et al., 2008) . We provide here evidence for the divergence in the regulatory relationship between SVP and SEP genes of rice and Arabidopsis. Arabidopsis SEP3 directly represses AGL24 and SVP expression (Kaufmann et al., 2009 ). In contrast, we find that OsMADS1 can directly activate OsMADS55 in panicles with developing florets, consistent with the coexpression of these genes in developing panicles (Arora et al., 2007) . Furthermore, overexpression phenotypes for OsMADS1, OsMADS22, and OsMADS55 share some characteristics like short panicle branches and spikelets with empty glumes transformed to lemmalike organs (Prasad et al., 2001; Sentoku et al., 2005; Lee et al., 2008) . Thus, our data on the positive regulatory relationship between OsMADS1 and OsMADS55 are functionally supported. These regulatory patterns indicate some divergence between rice OsMADS1 and Arabidopsis SEP3 during FM establishment (i.e. OsMADS1 is a regulator of meristem identity early during its formation, while SEP3 plays a major role in promoting floral organ development).
Interactions among MADS Factors during Floret Organogenesis and Meristem Termination
OsMADS1, OsMADS6, and OsMADS15/DEP together control FM specification, as discussed above, yet they have unequal roles during organ differentiation, as suggested by differences in their expression domains concomitant with the emergence of lateral organs (Kyozuka et Fig. S8 ). Our data imply a role for OsMADS1 during growth of the newly initiated FM, perhaps to aid its transient indeterminacy. We speculate that this may occur by delaying organogenesis by repressing organ identity class B (OsMADS2 and OsMADS16) and class C (OsMADS3 and OsMADS58) genes in these very early FMs. This supposition agrees with the elevated expression levels of these organ identity genes on OsMADS1 knockdown (Supplemental Fig. S1 ). At slightly later developmental stages, OsMADS6 could participate in activating class B, C, and E (OsMADS7 and OsMADS8) floret organ identity genes. This postulate is consistent with their reduced expression in osmads6 mutants and with the expression domain of OsMADS6 in FMs, palea, lodicule, and carpel primordia (Ohmori et al., 2009; Li et al., 2011a; Supplemental Fig. S8) . These regulatory relationships between LOFSEP, AGL6-like gene family members, and organ-patterning genes point to functional divergence between rice and Arabidopsis SEP factors.
In rice florets, the meristem terminates once the ovule primordium is generated as the final lateral organ (Yamaki et al., 2011) . OsMADS1, OsMADS6, other SEP genes, and class C and D genes (OsMADS3, OsMADS58, OsMADS13, OsMADS21, OsMADS7, and OsMADS8) contribute to rice FM termination (Yamaguchi et al., 2006; Ohmori et al., 2009; Li et al., 2010 Li et al., , 2011a Supplemental Fig. S8) . Mutants in these factors share the phenotype of abnormal extra carpels ( Fig. 2D ; Yamaguchi et al., 2006; Dreni et al., 2007; Ohmori et al., 2009; Cui et al., 2010) . Protein interactions of OsMADS1 with OsMADS13 (a class D gene), OsMADS7, and OsMADS8 (Favaro et al., 2002; Cui et al., 2010) and its genetic interactions with OsMADS6, OsMADS3, OsMADS58, and OsMADS13 (Dreni et al., 2011; Li et al., 2011a Li et al., , 2011b Supplemental Fig. S8 ) suggest that higher order complexes of these factors may promote meristem termination and ovule development. A balance between meristem indeterminacy and lateral organ emergence is crucial during early stages of FM development. The genetic interactions among FM identity, organ identity, and meristem maintenance genes (e.g. between WUSCHEL (WUS), AGAMOUS (AG), AGL24, and SVP; Liu et al., 2009; Grandi et al., 2012) and the combinatorial activity of three BLH proteins and SHOOT MERISTEMLESS (STM), a KNOX HD protein, regulate Arabidopsis FM initiation and maintenance (Rutjens et al., 2009) . Recently, the miR165/166-targeted HD-Zip III members PHAVO-LUTA and PHABULOSA were found to have an unexpected crucial role in Arabidopsis FM stem cell regulation (Ji et al., 2011) , aside from their role in specifying organ polarity. Our data suggest that OsMADS1 aids rice FM development and determinacy possibly by regulating genes like OsHB4/HD-Zip III and OsYABBY5/TONGARI-BOUSHI1 (TOB1). A recent study demonstrated a role for TOB1 (OsYABBY5) in rice FM maintenance and determinacy (Tanaka et al., 2012) . As loss-of-function mutants in all rice HD-Zip III genes are not known, a complete understanding of their functions is awaited. Regardless, as discussed by Itoh et al. (2008) , the regulatory interactions between auxin and HD-Zip III factors in rice shoot meristems, where miR165/166 are not expressed (Nagasaki et al., 2007) , may permit differential actions for HD-Zip III in meristems versus lateral organs. This conceptually allows auxin-regulated, and perhaps OsMADS1-regulated, functions for HD-Zip III transcription factors in early FM. OsMADS1 also links meristem identity with local auxin signaling by regulating genes for several ARFs (OsETTIN2, OsARF9, and OsARF12) and for other components in auxin signaling (Fig. 8) . As homologs of some of these genes in auxin signaling are also direct targets of Arabidopsis SEP3 (Kaufmann et al., 2009; Supplemental Table S7 ) and we find that OsPIN1 and OsETTIN2 are directly modulated by OsMADS1, we Figure 8 . Model depicting the likely mechanism of OsMADS1 action in regulating meristem specification, determinacy, and organ differentiation through different stages of floret development. Gray dots depict the spatial domains of OsMADS1 expression in a young spikelet with an incipient FM, in a young floret at the early stages of lateral organ patterning, and in a differentiated floret. OsMADS1 and its partners in various complexes directly repress OsMADS34 to promote the transition from spikelet to FM. It activates other meristem regulators and genes in the auxin signaling pathway. These events could regulate early events in meristem specification, its floral fate, and lateral primordia differentiation. OsMADS1-containing complexes are also negative regulators of the cytokinin pathway that can contribute to meristem determinacy. These pathways and the cross talk between them in developing florets culminate in a determinate meristem, with its typically differentiated organs.
infer that SEP factors have a conserved role in regulating auxin signaling during flower development.
Regulation of KANADI and ETTIN Genes Contributes to Organ Development and Polarity
KANADI genes promote abaxial identity and laminar growth of lateral organs. ett arf4 double mutants have several lateral organ defects, such as short sepals with abaxial protrusions, narrow petals, sterile stamens, and gynoecia with distal abaxial and adaxial ovules, thus showing that these genes act in concert. Interestingly, these phenotypes are also seen in kan1 kan2 double mutants (Pekker et al., 2005) . Recently, physical interactions between KANADI4 (KAN4/ ATS) and ETTIN were shown to coordinate ovule and integument development (Kelley et al., 2012) . Our finding that gene homologs of Arabidopsis KANADI2, ATS, and ETTIN (Supplemental Table S1 ) are directly regulated by OsMADS1 in rice florets brings new light on how OsMADS1 can contribute to lateral organ development. Derangements in lateral organs, such as narrow malformed lemma and palea with loss of abaxial features and decreased stamen numbers, observed in loss-of-function OsMADS1 mutants ( Fig. 2 ; Jeon et al., 2000; Prasad et al., 2005) , are broadly similar to the organ defects of Arabidopsis ett arf4 or kan1 kan2 mutants. Our studies on OsETTIN2 and OsETTIN1, a direct and indirect target regulated by OsMADS1, show their role in ensuring normal carpel differentiation. Interestingly the defects in style and stigma development and the abaxial overgrowth of the transmitting tract seen in OsETTIN1+OsETTIN2-RNAi knockdown carpels resemble ett phenotypes (Sessions and Zambryski, 1995) . However, as we do not detect a complete failure of ovary formation in OsETTIN1+OsETTIN2-RNAi carpels, the possibility of redundancy with two other rice ETTIN-like genes cannot be ruled out. The contribution of other abaxial fate determinants such as OsKANADI2 and OsKANADI4 for floret organ development remains to be investigated.
OsMADS1 Has Regulatory Effects on Multiple Auxin Signaling Events
Auxin is often attributed morphogen-like properties in developmental processes like meristem specification and lateral organ formation (Benková et al., 2003) . The auxin response is mediated by auxin response transcription factors (ARFs), which are repressed by Aux/ IAA proteins in the absence of auxin (Guilfoyle and Hagen, 2007) . OsMADS1 enhances the auxin response by simultaneously activating genes for ARFs with activation domains (e.g. OsARF9, OsARF12, OsARF16, and OsARF25) and repressing genes for ARFs with repression domains (e.g. OsARF18). Aside from these effects, we note that genes for auxin biosynthesis, homeostasis factors, polar distribution, and signaling factors were affected in OsMADS1 knockdown florets. We find that OsMADS1 directly modulates the expression of a predicted rice OsARF-GAP gene and of OsPIN1, encoding a key factor for polar auxin distribution. These data show that multiple shared elements in auxin signaling are regulated by OsMADS1 and SEP3 (Supplemental Table S7 ; Kaufmann et al., 2009 ).
OsMADS1 Negatively Regulates Cytokinin Signaling in Florets with Direct Effects on A-Type Response Regulators
The two major signaling-transcription factor networks that control meristem size and maintenance involve WUS and KNOX homeodomain factors and cytokinin signaling. Cytokinin induces WUS expression by multiple pathways (Gordon et al., 2009; Chickarmane et al., 2012) . WUS in turn directly represses the expression of some type A cytokinin response regulators in a feedback loop that regulates stem cell number in Arabidopsis shoot meristem (Leibfried et al., 2005; Gordon et al., 2009) . The importance of cytokinin levels for the size and determinacy of rice FMs is clearly illustrated by the phenotypes of log and ckx2 mutants in cytokinin metabolism (Ashikari et al., 2005; Kurakawa et al., 2007) . OsMADS1 expression in the meristem center of florets undergoing organ differentiation and the indeterminate phenotype of OsMADS1 knockdown florets made it plausible that OsMADS1 modulates the cytokinin pathway. Our global expression analyses showed an overall increase in cytokinin levels and/or response in OsMADS1 knockdown florets. However, no significant changes in the expression of OsWOX1 (orthologous to WUS) or OsH1 (orthologous to STM) were observed, which hints that OsMADS1-mediated regulation of FM determinacy may occur independently. Our expression analyses after OsMADS1 induction and data from ChIP show that it can repress OsRR1, OsRR4, and OsRR9 A-type response regulator genes, while B-type response regulators and the biosynthetic gene LOG are indirectly affected. We cannot exclude the effects of auxin signaling on cytokinin pathway genes, as the promoter elements for several cytokinin pathway genes contain auxin-responsive elements (data not shown) and also because cross talk between auxin and cytokinin pathways are known (Swarup et al., 2002) .
Collectively, our findings indicate that OsMADS1 complexes regulate the critical balance between these hormone signaling pathways during the establishment and development of the rice FM (Fig. 8) . Importantly, the data illustrate that OsMADS1 complexes can either directly activate (e.g. meristem regulatory transcription factors and auxin signaling components) or repress (e.g. cytokinin pathway components) its target genes. We speculate that its interactions with partners in higher order complexes, and their interactions with chromatin modifiers, may determine its effect on gene expression, as is known for other transcription factor complexes (Sridhar et al., 2006; Liu et al., 2007; Smaczniak et al., 2012) . The cumulative effects of these complexes on net target gene expression status culminates in a rice spikelet with a determinate floret with differentiated organs (Fig. 8) .
MATERIALS AND METHODS
Plant Materials and Chemical Treatments
Rice (Oryza sativa var japonica) TP309 embryogenic calli were used to raise transgenics as described by Prasad et al. (2001) . For global expression analysis, 0.2-to 2-cm panicles from wild-type and OsMADS1-RNAi plants were used. The ratio of panicles in different stages was 50% (0.2-0.5 cm), 30% (0.5-1.0 cm), and 20% (1.0-2.0 cm). For OsMADS1-DGR induction in PUbi:OsMADS1-DGR; P35S:OsMADS1amiR knockdown plants, these transgenics and wildtype plants were treated with one-half-strength Murashige and Skoog salts supplemented with 0.1% ethanol (mock), 10 mM dexamethasone (Sigma), 10 mM cycloheximide (Sigma), or 10 mM dexamethasone and 10 mM cycloheximide for 3 h. The developmental stages of panicle sizes and the ratios used to generate RNA pools for these experiments were the same as used in experiments with OsMADS1-RNAi panicles.
Microarray Analysis
Total RNAs from two biological pools of wild-type and OsMADS1-RNAi panicles were prepared as described (Yadav et al., 2007) . The manufacturer's instructions were followed for complementary RNA labeling and hybridization to 57K Affymetrix GeneChip Rice Genome Arrays, and the arrays were scanned using the Gene-Chip Scanner 7000. The *.CEL files generated by GeneChip Operating Software were analyzed by Avadis (version 4.2; currently GeneSpring). High correlation values of 0.9718 and 0.9981 between two biological replicates of mutant and wild-type samples, respectively, ensured the quality of our microarray experiments. The data were normalized by gene chip robust multiarray analysis algorithm and log 2 transformed. Following standard one-way Student's t test, the genes with 2-fold or greater change in expression values at P , 0.05 in mutant panicles as compared with wild-type panicles were identified as differentially expressed. To further avoid any false positives, we excluded very-low-expressing genes whose normalized signal intensity values were less than 10 in wild-type samples for down-regulated genes and less than 10 in OsMADS1-RNAi samples for up-regulated genes.
RT-qPCR
Oligo(dT)-primed cDNAs were synthesized using SuperScript III (Invitrogen) as described (Yadav et al., 2007) . A total of 25 ng of cDNA was used in quantitative PCRs with 250 nM gene-specific primers and DyNAmo SYBR Green (Finnzymes) in an ABI 7900 HT system. For each deregulated gene, the difference in cycle threshold value between OsMADS1-RNAi and wild-type RNAs for the UBQ5-normalized transcript levels (ΔΔCt) was used to calculate fold change, with SE being calculated from six replicates derived from two biological samples. For determining transcript levels in PUbi:OsMADS1-DGR; P35S:OsMADS1amiR transgenics and control wild-type plants before and after chemical treatments, the following approach was taken. The normalized ΔΔCt values, for each transcript, in all treatments were calculated for the wild type and transgenics individually. The actual fold change was computed after subtracting the normalized comparative threshold cycle values obtained in wild-type mock-treated samples from the comparative threshold cycle obtained for all other treatments. Primers used are listed in Supplemental  Table S6 .
In Situ Hybridization
Antisense RNA probes for OsMADS55, OsETTIN2, and OsRR9 were transcribed with T7 RNA polymerase from pBluescript KS+ clones of gene-specific cDNA fragments. T3 RNA polymerase transcriptions on these recombinants gave sense RNA probes. Antisense probes for OsRR1 and OsARF-GAP were prepared with T7 RNA polymerase and sense probes with SP6 RNA polymerase. Hybridizations on sections of developing spikelets and florets were done as described by Prasad et al. (2005) , and signals were visualized using anti-digoxygenin-alkaline phosphatase conjugated antibodies (Roche).
Plasmid Construction, Protein Expression, and Antibody Production A gene-specific OsMADS1 cDNA fragment encoding C-terminal amino acids 160 to 257 was cloned in pET32a, and the thioredoxin-His-tagged protein was expressed in bacterial cultures grown at 37°C for 3 h with 0.5 mM isopropylthio-b-galactoside. The C-terminal partial OsMADS1 protein was purified by nickel-nitrilotriacetic acid agarose chromatography, the thioredoxinHis tags were removed by thrombin cleavage. The purified protein was used to raise rabbit polyclonal antibodies. The latter were antigen affinity purified, and specificity was established by western blotting of panicle lysates (Supplemental Fig. S5A ). Rice nuclear extracts were prepared as described by Busk and Pages (1997) . amiRNA against OsMADS1 was designed according to Warthmann et al. (2008) using the Web tool http://wmd2.weigelworld.org/ cgi-bin/mirnatools.pl, and this was cloned for expression from the 35S promoter in a binary vector (Supplemental Materials and Methods S1). amiRNA targets nucleotides 1,071 to 1,091 of the cDNA, 230 bp downstream of the stop codon in the 39 UTR. For generating RNAi constructs for ETTIN genes, 316-and 395-bp gene-specific cDNA regions for OsETTIN1 and OsETTIN2, respectively, were amplified and cloned in the sense and antisense orientations in pBluescript KS+ separated by a 270-bp linker fragment. These assembled constructs for RNAi of these genes were cloned in pUN vector (Prasad et al., 2001) to yield PUbi:OsETTIN1-RNAi, PUbi:OsETTIN2-RNAi, and PUbi:OsETTIN1+ OsETTIN2-RNAi plasmids (Supplemental Fig. S5 ). Primer sequences are listed in Supplemental Table S6 .
ChIP Analysis
ChIP was carried out as described (Liu et al., 2008) with some modifications. Briefly, about 250 mg of 1% formaldehyde-fixed young wild-type rice panicles (0.2-2 cm) was ground in liquid nitrogen and then sonicated to yield chromatin with DNA of less than 500 bp. Immunoprecipitation was carried out at 4°C for 6 h in a buffer containing 150 mM NaCl, 25 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitors (Roche) with affinitypurified anti-OsMADS1 antibody and protein G-Sepharose beads (GE Healthcare). Bead-bound complexes were eluted in 2% SDS, 0.1 M NaHCO 3 , and 10 mM dithiothreitol at 37°C, and the cross links were reversed. A total of 25 ng of ethanol-precipitated DNA quantified on a NanoDrop ND-1000 spectrophotometer (Thermo Scientific) was used in PCR for 36 or 40 cycles. The primers used are listed in Supplemental Table S6 .
The accession numbers for the cDNA sequences analyzed in this article are as follows: OsMADS1 (L34271), OsMADS5 (AK064184), OsMADS7 (AK100263), OsMADS16 (AK069317), OsMADS34 (AK100227), OsMADS55 (AK111859), OsMADS58 (AK111723), OsHB3 (AK102183), OsHB4 (AK103284), OsYABBY5 (AK070205), OsERTF4 (AK062882), OsKANADI2 (Os02g46940), OsKANADI4 (AK108408), OsDOF (AK119803), OsBLH1 (AK120844), OsKNAT3 (AK241438), OsMYB4 (AK109125), OsbHLH (AK107626), OsPIN1 (AK102343), OsETTIN1 (AK099793), OsETTIN2 (AK103776), OsARF9 (AK064925), OsARF18 (AK100322), OsRR1 (AK072736), OsRR2 (AK070645), OsRR4 (AK101721), OsRR9 (AK058585), OsRR16 (AK062250), OsRR18 (AK065276), OsBIM2 (AK071315), OsLOB37 (AK071624), OsGH3.4 (AK101932), LOG (AK071695), OsIAA9 (AK073365), and OsARF-GAP (AK099299).
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